Introduction
The fundamental vibration period of a building appears in the equation specified in building codes to calculate the design base shear and lateral forces. Building design codes provide empirical formulas that depend on the building material [steel, reinforced concrete (RC), etc.], building type (frame, shear wall, etc.), and overall dimensions. The fundamental vibration period of buildings has a significant influence on the seismic induced lateral forces.
The period of formulas in the 1997 Uniform Building Code (UBC 1997) [1] , the 1996 Structural Engineering Association of California (SEAOC) recommendation [2] and the recent Egyptian Code (EGC 2012) [3] is derived from those developed in 1975 as part of the ATC3-06 project [Applied Technological Council (ATC) 1978] [4] largely based on periods of buildings measured from their motions recorded during the 1971 San Fernando earthquake. Goel and Chopra [5] [6] [7] [8] developed improved empirical formulas to estimate the fundamental vibration period of RC moment resisting frame and RC shear wall buildings for use in equivalent lateral force analysis specified in building codes using motions of many buildings recorded during earthquakes. Data used in [8] By observation of the measured periods of shear wall buildings compared with the building codes formula, Kwon and Kim [9] are suggested to reduce the factor C t to be 0.015 instead of 0.02.
Salama [10] studies the effect of the floor height in the period of vibration for concrete moment resisting frame buildings.
The objective of this paper is evaluating the present formulas and developing improved empirical formulas to estimate the fundamental vibration period of concrete shear wall buildings based on data given in [8] for use in equivalent lateral force analysis specified in building codes. Also, factors to limit the period calculated by rational analysis, such as Rayleigh's method, are recommended in this paper.
Period database
Data that are used in the regression analysis in this paper are that used by Goel and Chopra (1997) data [8] . This database contains data for buildings measured from their motions recorded during eight California earthquakes, starting with the 1971 San Fernando earthquake and ending with 1994 Northridge earthquake. Table 1 shows the subset of this database pertaining to 16 concrete shear wall buildings (27 data points). The number of data points exceeds the number of buildings because the period of some buildings was determined from their motions recorded during more than one earthquake or was reported by more than one investigator for the same earthquake.
Code formulas
The empirical formulas for the fundamental vibration period of concrete shear wall buildings in most design codes such as U.S. building codes (UBC-97, ATC 1978, SEAOC-96, and NEHRP 1994) and the recent Egyptian code (EGC 2012) are of the form
where H = overall height of the building in feet above the base; and C t is a numerical coefficient related to the lateralforce-resisting system. The values of C t specified in these codes are: 0.02 for concrete shear wall buildings.
In some codes such as the UBC-97 and SEAOC-96 permit an alternative value for C t to be calculated from
where A c , the combined effective area (in square feet) of the shear walls, is defined as
In which A i = the horizontal cross-sectional area (in square feet); D i = the dimension in the direction under consideration (in feet) of the ith shear wall of the first story of the structure; and NW = the total number of shear walls. The value of D i /H in (3) should not exceed 0.90. ATC3-06 and the earlier versions of other U.S. seismic codes and Egyptian code (EGC 1993) [11] , an alternative formula for concrete shear wall buildings
where D = the dimension, in feet, of the building at its base in the direction under consideration. Most of current codes specify that the design base shear should be calculated from
where W = total seismic dead load; and C = seismic coefficient depended on the soil profile, seismic zone factor; important factor; the fundamental period T; and the numerical coefficient representative of the inherent over strength and global ductility capacity of the lateral-load-resisting system. The fundamental period T, calculated using the empirical formulas in (1) or (4), should be smaller than the true period to obtain conservative estimate for base shear. Therefore, code formulas are internationally calibrated to underestimate the period by approximately 10-20% at first yield of the building.
The codes permit calculation of the period by a rational analysis [10] , such as Rayleigh's method, but specify that the resulting value should not be longer than that estimated from the empirical formula by a certain factor to safeguard against unreasonable assumptions in the rotational analysis.
Evaluations of code formulas
In order to evaluate the code period formulas, the measured building period's records are compared with those obtained from the empirical code formula (Eq. (1)) in Fig. 1 where they are plotted against the building height (H).
The measured periods are shown by solid circles, whereas code periods are shown by curve denoted as T. Also, curves for 1.2T and 1.4T are included representing restrictions on the period from rational analysis imposed by various US and Egyptian codes.
From Fig. 1 for all concrete shear wall buildings, we can observe the following -The code formula leads to periods are longer than measured periods for about fifty percent of buildings. -The longer period from the code formula leads to seismic coefficient smaller than the value based on the measured period.
-The limits of 1.2T or 1.4T for the period calculated from a rational analysis are obviously inappropriate.
From the previous observations the coefficient C t = 0.020 in current codes may be too exaggerated and should be reduced.
Regression analysis method
From the code formulas and recommended formulas in the recent researches, the suggested formula which is adopted in the present paper is of the form
In which constants a and b depend on building properties. This form is adopted in the present paper and constants a and b are determined by regression analysis of the measured period data.
For the purpose of regression analysis, it is useful to recast (4) as
In which y = log (T), a = log (a), and x = log (H). The database given in Table 1 is used in the regression analysis. These data represent the measured fundamental period of concrete shear wall buildings (T) and the corresponding overall height (H) for each building.
Using computer software, multiple regression analysis technique is developed for the suggested form (6) to obtain the constants a, and b of the line represented by (7) . Then a was back-calculated from the relation a = log (a). The regression analysis technique depends on minimizing the squared error between the measured and computed periods.
This procedure leads to values of a and b for (6) to represent the best-fit to the measured period data using leastsquares method.
The standard error of estimate is Note: MRF implies moment-resisting frames from the lateral-load resisting system; number followed by ''C" or ''N" indicates the station number and by ''ATC" indicates the building number in ATC3-06 report. a Denotes buildings with € u g0 P 0:15. Concrete shear wall buildingswhere y i = log (T i ) = observed value (with T i = measured period); (a + bx i ) = [log (a) + blog(H i )] = computed value of the ith; and n = total number of data points. The s e represents scatter in the data and approaches, for large n, the standard deviation r of the measured periods from the best-fit equation.
For code applications, the formula should provide lower values of the period, and this was obtained by lowering the best-fit line [see (7)] by 0.84 s e (corresponding to 80% of standard normal distribution area) without changing its slope. Thus a L , the lower value of a, is computed from
This bound implies that only 20% of the measured periods would fall below the lower bound line.
Also, codes specify an upper limit on the period calculated by rational analysis. This limit was obtained by raising the best-fit line [see (7)] by 0.84 s e without changing its slopes. Thus a U , the upper value of a, is computed from
This bound implies that only 20% of the measured periods would fall upper the higher bound line.
Results of regression analysis
The theoretical form of Eq. (6) was adopted in the present investigation and constants a and b were considered as variables. This unconstrained regression analysis led to the best possible fit and thus the minimum possible error between the measured and calculated periods (s e = 0.391). The obtained formula is
In another regression analysis only a was considered as variable; b was fixed at 1.0 which concords to some early codes formulas. As expected, this constrained regression analysis led to negligible higher errors (s e = 0.393). The adjustment formula is
The formula that is of interest for code-type application is the one that provides a lower bound to the measured data, denoted as T L , correspondence to the best fit À 0.84 r. The upper limit on the period is calculated by rational analysis, denoted as T U , correspondence to the best fit + 0.84 r.
Eqs. (9) and (10) 
This indicates that (13) is suitable for estimating, conservatively, the fundamental period and (14) for limiting the period computed from rational analysis. This period should not be longer than 1.9T L ; the factor 1.90 is determined as the ratio 0.0088:0.0046, rounded-off to one digit after the decimal point.
Using the same procedure used in the previous regression, another regression analysis is performed by taking b fixed at 0.75 which concords to the most codes formulas. The obtained formulas are All the resulted formulas and the corresponding error from previous regression analyses, implemented using the data given in Table 1 , are given in Table 2 .
Also, Fig. 2 shows comparison between the measured building period's records with those obtained from the proposed Eqs. (13), (16) and those obtained from the empirical code formula (1). This comparison clears that the resulting building periods from the proposed formulas are closer to the measured building periods than those obtained by the empirical formula using in most design codes (1).
Discussion of the results
Most design codes such as U.S. codes and the recent Egyptian code (EGC 2012) specify that the design base shear (V) of concrete shear wall buildings should be calculated from T L = 0.0063H 
From the previous equations, the base shear calculated by using the empirical formula for the fundamental vibration period of concrete shear wall buildings that are used in most design codes (1) is equal to approximately 70% of that calculated according to the suggested coefficient C t given in (16) (i.e. the coefficient C t = 0.020 in current codes may be too exaggerated).
Conclusions and recommendations
Based on analysis of the available data for the fundamental vibration period of 16 concrete shear wall buildings (27 data points) measured from their motions recorded during earthquakes, the current formula in the U.S. and Egyptian codes may be inappropriate where the coefficient C t = 0.020 in current codes may be too exaggerated and should be decreased from its present value 0.02 to 0.014 (16).
As an alternative, (13) is recommended for estimating the period of concrete shear wall buildings. This formula provides the best fit of (6) to the available data. The fit is better than possible Eq. (1) in most current codes. Furthermore, the period from rational analysis should not be allowed to be exceed the value from the recommended equation by a factor larger than 1.9.
Regression analysis that led to the recommended formula should be repeated periodically on larger data sets including buildings in other parts of the world where building design practice is significantly different than California.
